We show that correlations between the detector positions at the two-photon Young interference plane exhibit contextual behavior. Contextuality is demonstrated by showing the violation of the n-cycle noncontextuality inequalities [M. Araújo et al., Phys. Rev. A 88, 022118 (2013)] for any even number n of observables ranging from 4 to 14. These violations exclude noncontextual hidden-variable theories as an explanation of the conditional two-photon Young pattern. Unlike recent contextuality experiments, ours is free of the compatibility loophole.
I. INTRODUCTION
Young's double-slit interference experiment is 200 years old and is still the simplest experimental evidence of the wave behavior of light and matter [1] . At the quantum level it has been used to demonstrate the wave properties of single particles, i.e., electrons [2, 3] , neutrons [4] , and atoms [5] , and large molecules [6] . Feynman introduces the double-slit experiment with single particles as "a phenomenon which is impossible, absolutely impossible, to explain in any classical way, and which has in it the heart of quantum mechanics. In reality, it contains the only mystery" [7] . Double-slit experiments with two particles also show intriguing quantum features. Greenberger, Horne, and Zeilinger showed that in some special geometric conditions a photon pair produces a conditional interference pattern [8] . Conditional means that the probability of detecting the photon pair (i,s) at some detector positions x i and x s depends on the sum or difference of these variables, i.e., x i ± x s . In other words, the maximum probability of detecting a photon, for example, s, at position x s depends on the position x i where photon i is detected. This prediction was experimentally verified for photon pairs generated by spontaneous parametric down-conversion crossing a double slit in an entangled transversal path state [9] . The word "conditional" here is important since, depending of the geometric conditions involving the photon-pair source and the double slit, other type of fringes, i.e., independent fringes, can be observed in a two-particle Young interference pattern. In this case, the maximum probability of detecting a photon, for example, s, at position x s does not depend on the position x i where photon i is detected in coincidence [8, 9] . Recent works of Gneiting and Hornberger have derived an entanglement criterion for the two-particle Young interference experiment using modular variables and detected from the nonlocal (conditional) interference pattern [10, 11] . This criterion was verified experimentally in [12] . * spadua@fisica.ufmg.br A fundamental question can be made about the two-particle Young interference pattern: Is it possible to explain the statistics of pair detections (x s ,x i ) by modeling such phenomena by noncontextual theories, i.e., by considering models where the appearance of photon s (i) at x s (x i ) does not depend on the experimentalist choice of where to put (or even not to put) the other detector D i (D s )? This question is answered in the present work. The answer to this question is important since contextuality distinguishes classical correlations used for studying condensed matter and biological systems [13] [14] [15] [16] from genuine quantum correlations [17] used in quantum information for secure communication and faster information processing in quantum computers [18, 19] . Contextuality, demonstrated through the violation of noncontextuality inequalities, i.e., joint measurement correlation inequalities satisfied by noncontextual hidden-variable theories, has been observed in various physical systems, e.g., ions [20, 21] , photons [22] [23] [24] , and neutrons [25] . By making the right measurements, one can observe that two entangled photons in a double-slit setup produce the maximum violation predicted by quantum theory of several members of a family of inequalities that exactly separate noncontextual from contextual models. A method developed to verify it is discussed below. A relation between the detector position at the Fourier plane and the required measurement operator for the noncontextuality inequalities test is established.
Quantum contextuality may be the key to understanding quantum correlations and, by extension, quantum theory from fundamental principles [26, 27] . It has been shown to be a fundamental resource of quantum systems generating advantages in quantum information applications. Several authors have shown that the origin of the speedup in some quantum computation schemes is quantum contextuality. Howard et al. showed that quantum contextuality is a critical resource for quantum speedup within the model for fault-tolerant quantum computation: magic state distillation [28] . Raussendorf has shown that all measurement-based quantum computations that compute a nonlinear Boolean function with a high probability are contextual [29] . Nonlocality of quantum theory is a special case of contextuality where the unexpected context dependence is on the choice of measurements performed on a remote physical system. When only local quantum operations and shared randomness are available, nonlocality emerges as a quantifiable resource in communication complexity [30] and practical developments such as device-independent quantum key distribution [28, 31] and randomness certification [32] . Without requiring entanglement or spatially separated composite systems, quantum contextuality provides protection against attacks to quantum cryptographic protocols such as BB84 in which complementarity is imitated with classical resources [33] and can be used to certify randomness [34] . Quantum contextuality can also be used to increase the number of classical messages that can be sent without error through a classical channel [35] .
In this paper we present experimental data that demonstrate that the conditional Young two-particle interference pattern is contextual in different measurement scenarios, that is, when different pairs of compatible observables are measured. The two-photon Young interference pattern is used to test experimentally the recently found n-cycle noncontextuality inequalities, the violation of which indicates the presence of contextual correlations [36] . These inequalities contain linear functions of n correlations between pairs of observables chosen in a cyclic order.
The problem of finding the conditions that separate contextual from noncontextual correlations for an arbitrary measurement scenario is computationally intractable and the solution is known only for a few scenarios [37] . A measurement scenario is defined as a set of observables and the subsets that are jointly measurable. The solution to this problem is given as a set of noncontextuality inequalities that define the boundary of the set of noncontextual correlations. The most famous sets of noncontextuality inequalities are the ones that characterize the Clauser-Horne-Shimony-Holt (CHSH) [38] and KlyachkoCan-Binicioglu-Shumovsky (KCBS) [39] scenarios, which were, respectively, the first nonlocality and contextuality scenarios to be completely characterized. Inequalities with specific n were measured with a nonmaximally entangled state for n = 6 [40] and n = 42 [41] observables, with the goal of testing Hardy's nonlocality without inequalities [42] . Recently, CHSH and KCBS scenarios have been understood as the n = 4 and 5 cases of a more general scenario, the n-cycle scenario. This measurement scenario consists of n dichotomic observables O j , with j = 0, . . . ,n − 1 and such that O j and O j +1 (with the sum modulo n) are jointly measurable. The corresponding sets of inequalities have been found for arbitrary n [36] . This provides a valuable tool to investigate contextuality and how it evolves with the number of settings. For this specific scenario, the quantum violation occurs for all n and only technical reasons make the observation of violations harder for large n.
In this paper we demonstrate experimentally the violations of a whole family of tight noncontextuality inequalities described in Ref. [36] for any even number of settings ranging from n = 4 to 14. Tight means that these inequalities precisely delimitate the border between the sets of noncontextual and contextual correlations. This work studies a different aspect of the two-particle conditional Young interference pattern and shows experimentally the contextual characteristic of it.
II. METHODS
To certify contextuality we use the violation of the noncontextuality inequalities [36] 
for even n 4, where NCHV n − 2 indicates that n − 2 is the highest value allowed for noncontextual correlations. Any experimental test of a noncontextuality inequality should satisfy two conditions. One is that the observables whose correlations are considered in the inequality should be jointly measurable, i.e., compatible [43] . For inequality (1) , this means that O j and O j +1 should be jointly measurable for any j = 0, . . . ,n − 1. The second requirement is that every observable O j has to be measured using the same experimental configuration in every context [44] . For testing inequality (1) this means that, for any j = 0, . . . , n − 1, the experimental configuration used for measuring O j should be the same when O j is jointly measured with O j +1 and when O j is jointly measured with O j −1 . To ensure that these two requirements are achieved in our experiments, we use a two-photon system in which each photon encodes a photon path qubit initially prepared in the state
and the detection plane implement measurements of the observables
where I 2 is the identity in the Hilbert space of one qubit and θ j is jπ/n. The fact that the measurements represented by O j and O j +1 are always performed on different particles ensures joint measurability, avoiding the so-called compatibility loophole [43, 45] present in recent experiments [20] [21] [22] [23] [24] [25] . Measuring O j together with O j +1 or with O j −1 does not require any change in the experimental configuration for O j , so we can guarantee that every observable is measured the same way in every context (Fig. 1) . For the prepared state (2) the maximal quantum value of is attained for the observables
where σ x and σ y are Pauli matrices.
III. EXPERIMENTAL IMPLEMENTATION
State |φ + can be produced using a double slit (DS) to encode two qubits in the transversal path of photon pairs generated by spontaneous parametric down-conversion (SPDC) [46, 47] . In the near field of the double-slit aperture, the quantum state is described by [48, 49] 
Detector A Detector B where s (i) refers to signal (idler) photons and |j is the state of the photon that crossed the slit j (j = 0,1). In Fig. 2 we show a schematic view of our experimental apparatus, which is divided in two parts, the first being the state preparation and the second the detection setup.
For the state preparation, a continuous 50-mW diode laser, operating at 405 nm, is focused in the center of a 2-mm BiB 3 O 6 crystal (BiBO) by a spherical lens (not shown in Fig. 2 ), f 1 = 30 cm, generating collinear type-I SPDC pairs of photons. The photon pairs (λ = 810 nm) and the laser beam propagate along the z direction and, immediately after the crystal, a dichroic mirror (DM) reflects the pump beam and transmits the down-converted photons. The DS is placed 40 cm from the BiBO crystal, perpendicular to the z direction; each slit of the DS has width 2a = 80 μm, along the x direction; the center to center separation is d = 160 μm. Between the crystal and the DS, a linear optical setup controls the quantum correlations of the two photons in the aperture plane [48] . This setup is composed of a cylindrical lens (CL) of focal length f CL = 5 cm and a spherical lens (SL) with focus f SL = 20 cm. This scheme projects a magnified image of the crystal center onto the DS plane in the x direction. With this experimental configuration, we are able to control the correlations of the down-converted photons such that the photon pair always passes through the same slit of the DS, thus forming the entangled state represented in Eq. (2) . The length of the DS's larger dimension along the y direction is 8 mm, which is much larger than the down-converted beam width and can be considered infinite.
The detection system is set to project the optical Fourier transform of the DS at the detection plane, as shown in Fig. 2(b) . In this scheme, we use a spherical lens (FL) of focal length f FL = 30 cm in the f -f configuration and two avalanche photodiode (APD) detectors at the exit port of a balanced beam splitter (BS). The detectors are placed 60 cm from the DS plane and equipped with interference filters, centered at 810 nm (10- 
IV. EXPERIMENTAL RESULTS AND DISCUSSION
In order to test experimentally the violation of the inequality (1), we first need to find the correspondence between the coincidence counts and our observables, defined in Eq. (3), i.e., we need to know how the measurement operator is implemented when the coincidence counts are acquired in the DS far field. The mathematical description of the measurement operator in the transversal direction at the focal plane is
where each single system operation ν (x ν ) (ν = i,s) is given by
where I 2 is identity operator, κ = k p d/2f FL , k p is the pump beam wave number, 2b is the transversal dimension of the detectors, and x ν (ν = s,i) is the detector transversal position. The Pauli matrices σ ν x and σ ν y in Eq. (7) are written in terms of the slit (or photon path) states |j (j = 0,1). The functions A ν (x ν ) are given by
which is the diffraction envelope of the interference pattern. The measurement operator is physically implemented by the FL spherical lens in the f -f configuration and the APD detectors at the FL focal plane [see Fig. 2 
being the positive-(negative-) frequency electric-field operator at the detection plane, and is written in terms of the slit states |j (j = 0,1) [46, 47, 50] .
The expected value of operator (x s ,x i ) [see Eq. (6)] is proportional to the coincidence counts at the detector positions x s and x i . The connection between the mean value of the jointly measurable dichotomic observables and the experimental coincidence counts is given by
where C (θ s ,θ i ) is the coincidence count associated with the θ s and θ i interference pattern angular position and O ν (ν = s,i) are given by
Equation (9) is general, for any pair of angles θ i and θ s . The angular settings of Eqs. (3) and (9) are related to the detector positions by
which explains how each pair of detector position relates to each term in the inequality (1) (see again Fig. 1 ). The violation of the noncontextuality inequalities for the n cycle is achieved when we use n/2 different positions for each detector, registering the coincidence counts to calculate the correlations coefficients of Eq. (9) . To better explain the procedure utilized, let us use the n = 4 (CHSH) scenario as an example. In this case, an optimal setting for the signal subsystem measurement apparatus is {θ s } = {0,π/2} and for the idler {θ i } = {π/4,3π/4}. To obtain the correlation coefficients it is also necessary to use the coincidence counts obtained from the implementation of the orthogonal measurement operators. The subsystem angles are then changed by a factor of π , i.e., {θ s − π } = {−π,−π/2} and {θ i − π } = {−3π/4,−π/4}. Since the scanning process does not generate all the optimal points for maximal quantum violation, we use the nearest available experimental data. This problem reduces the amount of violation, but not dramatically. As we increase the value of n, the above procedure is repeated, until we reach the n = 14 value, above which the angular separation between two consecutive observables in the same subsystem is smaller than the experimental resolution of the detectors position. In Table I we report our experimental results for each n. The table shows three different values of . The first one is obtained using the experimental coincidence counts, denoted by expt . The second one, denoted by bd expt , is the value predicted by quantum mechanics assuming ideal equipment when we consider that the angular separation between two operators that define a context is γ expt = κ(x i − x s ) instead of γ = π/n. In other words, this value of is the one obtained when we use quantum mechanics, the angles experimentally implemented, and the maximally entangled state defined by Eq. (2), but no other source of imperfection (such as the preparation of a nonmaximally entangled state). The third value bd max is the quantum bound using the ideal angular separation γ = π/n. It is important to have in mind that the limit for noncontextual correlations is given by n − 2, as is shown in inequality (1). Error bars are statistically calculated. It might seem surprising that the error does not increase with the number of settings. A quick calculation shows us, though, that for an ideal setup the variance of is
where n is the number of settings and N is the total number of counts. That is, the error actually decreases with the number of settings. In all three cases we apply the transformation → ( + n)/2n, so the values can be interpreted as probabilities of success in the n-cycle game (see [51] ).
In Fig. 3 we plot the data from Table I transformed via → ( + n)/2n. Incidentally, this renormalization allows us to interpret these values as the probability of success in the n-cycle game, which is a direct generalization of the prediction game proposed in [51] . As it is characteristic for the families of n-cycle inequalities, the violations get smaller with increasing n. However, it is interesting to stress that our data show significant violations for all n tested and if we were not limited by the positions of the detectors this setup could show significant violations above n = 14.
V. CONCLUSION
In this work we provided an experimental verification that the conditional Young two-particle interference pattern is contextual. The system of two photonic qubits, encoded in the transversal modes of entangled photons after being transmitted by a double slit, creates a probability distribution that is incompatible with any noncontextual hidden-variable theory. Our experiment tests the violation of the noncontextuality inequalities for the n-cycle scenario for even n, recently reported in [36] . It is important to stress that this is an experimental violation of noncontextuality inequalities for a completely characterized infinite family of scenarios and that we have observed experimental violations for even n up to n = 14. Unlike recent contextuality experiments, our is free of the compatibility loophole, since the joint measurability of each pair of observables is enforced by encoding them as observables on different photons.
With a single two-particle conditional double-slit interference experiment, we were able to demonstrate the violation of six different noncontextuality inequalities with a number of settings ranging from 4 to 14. In this way, we have observed contextuality (in the sense of violation of the noncontextuality inequalities) in very good agreement with the predictions of quantum mechanics for six different scenarios. Our theoretical and experimental approaches can be used in different degrees of freedom of photonic systems or in massive particle systems that produce spatial conditional interference patterns [10, 52] .
